To evaluate the role of high-dose dietary zinc in the process of prostate malignancy, 60 Sprague-Dawley rats were randomly divided into four groups: tumor induction with carcinogen and hormone (group 1), oral zinc administration without tumor induction (group 2), oral zinc administration with tumor induction (group 3) and a control without zinc administration or tumor induction (group 4). Zinc was supplied orally in the form of zinc sulfate heptahydrate dissolved in drinking water to groups 2 and 3 for 20 weeks. Although the serum level of zinc measured at 20 weeks was maintained similarly in each group (P = 0.082), intraprostatic zinc concentrations were statistically different. Group 1 prostates contained the least amount of zinc in both the dorsolateral and ventral lobes at levels of 36.3 and 4.8 µg g −1 , respectively. However, in group 3, zinc levels increased in both lobes to 59.3 and 12.1 µg g −1 , respectively, comparable with that of group 4 (54.5 ± 14.6 and 14.1 ± 2.4 µg g
Introduction
Prostate cancer is a complex and heterogeneous disease, the etiology of which is poorly understood [1] . Genetic predisposition and numerous environmental factors, including diet and hormonal changes, exert important effects in the pathogenesis of this disease [2] .
Owing to the clinically significant incidence rate [3] , as well as slow disease progression requiring a long precancerous period and the known effect of diet on cancer development [1] , prostate cancer has been highlighted in the field of chemoprevention. Several studies have shown that the concentration of zinc and citrate is lower in prostate cancer cells than in normal prostate cells; moreover, in prostate cells of benign hyperplasia [4] , the theory that the inability of cells to accumulate intracellular zinc leads to development of prostate cancer has gained attention. In addition, further studies that reported that maintaining supraphysiological concentrations of zinc was effective in the treatment and 165 npg prevention of prostate cancer also helped to highlight zinc as a possible chemopreventive agent against prostate cancer [5, 6] .
However, large-scale epidemiological studies produced results that were in disagreement with those of in vitro studies. Although initial studies reported that zinc supplementation lowered the risk of prostate cancer development [7, 8] , this effect was not reproducible by other researchers [9] [10] [11] . On the contrary, recent study reported that excessive intake increased the risk of progressing to advanced prostate cancer [12] . However, these epidemiological studies had common inherent limitations in terms of questionnaire-based investigation and the complexity of the human diet. Thus, to validate whether the role of dietary zinc in the development of prostate malignancy is preventive or promotive, an in vivo study built around a prostate adenocarcinoma induction model with controlled diet is imperative. At present, there are no published reports regarding the effect of dietary zinc using this model system, as one of the main obstacles is the prolonged experimental period of over a year for the induction of malignancy. Herein, preliminarily, to evaluate the role of high dietary zinc in the development of premalignant lesion instead of prostate adenocarcinoma to evade this time obstacle, we investigated prostate histology, serum and intraprostatic zinc concentration after each treatment of tumor induction, high-zinc diet, a combination of these and in normal control.
Materials and methods

Animals
Healthy, 50-day-old adult male Sprague-Dawley rats weighing between 150 g and 180 g were used in this study. The animals were housed in clean polypropylene metabolic cases (Jeung Do Bio & Plant Co., Seoul, Korea) and maintained in an air-conditioned animal house with an alternating 12 h : 12 h light : dark diurnal schedule. All animals were fed a standard rat pellet diet (AIN-93G Purified Rodent Diet; Dyets, Bethlehem, PA, USA; containing 1.65 g kg −1 zinc carbonate). All animal experiments were conducted under the Guiding Principles for the Care and Use of Animals, approved by the American Physiological Society [13] .
Treatment for each animal group
After adaptation to diet and diurnal cycles for 1 week, 60 rats were randomly assigned to one of four groups (15 rats per group), and then treated. In group 1, prostate malignancies were induced using cyproterone acetate, testosterone propionate (Sigma Chemicals, St. Louis, MO, USA) and methylnitrosourea (MNU; Ashe Stevens, Detroit, MI, USA), as previously published [14] . Group 2 was treated with oral zinc administration without tumor induction, and group 3 was treated with both oral zinc administration and tumor induction. In groups 2 and 3, rats received zinc in the form of zinc sulfate heptahydrate (ZnSO 4 ·7H 2 O; Sigma Chemicals), dissolved in drinking water at a dose of 227 mg Zn per liter for 20 weeks [15] [16] [17] , together with the standard rat pellet diet. Rats were permitted access to drinking water ad libitum, and the amount of water imbibed and the body weight of each animal were recorded daily. Group 4 served as the control without zinc administration or tumor induction.
Histological examination
At the 20th week of treatment, rats from all groups were killed and prostate tissue was excised. Adhering connective tissue around the prostate was removed, and the prostate was divided into ventral and dorsolateral lobes. Each prostate lobe was embedded in paraffin and stained with hematoxylin-eosin for histological evaluation. Two investigators blindly and independently evaluated sections to classify the lesions, and discrepancies in interpretation were discussed and resolved. Using criteria described previously [18] , we classified proliferative epithelial lesions as adenocarcinoma, prostate intraepithelial neoplasia (PIN), dysplasia and hyperplasia ( Figure 1 ). Adenocarcinoma was reserved for lesions that were clearly invasive.
Determination of serum and intraprostatic zinc concentration
Zinc concentration in serum and prostate, which was taken at the 20th week of treatment, was measured by the process described below. Blood (3 mL) sampled from inferior vena cava was centrifuged at 1 420 × g, at room temperature for 10 min, and serum was collected. Prostate tissues from each rat were excised, rinsed in phosphate-buffered saline and homogenized in 9 mL of autoclaved distilled water. The homogenates were centrifuged at 1 420 × g, at 4ºC for 10 min. Serum and supernatants were incubated with 30ºC of 24 µmol L at excitation and emission wavelengths of 370 nm and 460 nm, respectively.
All data were collated in SPSS version 12.0 (SPSS Inc., Chicago, IL, USA) and evaluated by the Kruskal-Wallis test, the Mann-Whitney U-test, the χ 2 -test and the unpaired t-test. P < 0.05 were accepted as significant.
Results
Serum and intraprostatic zinc concentration
All animals survived throughout the 20 weeks of experiment. The serum zinc level was similar without statistical difference (P = 0.082, by the Kruskal-Wallis test), and the average serum zinc concentration was 0.65 ± 0.09 µg mL . However, the intraprostatic zinc level showed a different aspect. In groups treated with zinc, intraprostatic zinc concentrations were significantly higher in the dorsolateral lobe than in the ventral lobe at average concentrations of 51.9 ± 12.8 and 10.8 ± 2.9 µg g , respectively (P = 0.001, by unpaired t-test). In addition to the difference in zinc concentration within the prostate itself, statistical differences in zinc concentration between treatment groups were found in both prostate lobes (P = 0.01 and 0.001, respectively, by the Kruskal-Wallis test). The intraprostatic zinc concentration in the dorsolateral lobe of group 1, in which tumors were induced in the absence of dietary zinc, was the lowest among treatment groups with an average of 36.3 ± 12.8 µg g −1 . However, after oral zinc administration with tumor induction, the zinc concentration in the dorsolateral lobe of group 3 was significantly increased to 59.3 ± 17.8 µg g −1 (P = 0.004, by the Mann-Whitney U-test, Figure 2A ), compared with that of control group 4 (54.5 ± 14.6 µg g −1 , P = 0.75). The intraprostatic zinc concentration in the dorsolateral lobe of group 2, in which oral zinc was administrated in the absence of tumor induction, was 57.7 ± 6.0 µg g . This value is slightly higher than that of group 4; however, this difference was not determined to be significant (P = 0.88). A similar pattern was observed in the ventral lobe. Intraprostatic zinc concentrations were also lowest in group 1 (4.8 ± 1.7 µg g in group 3 and 14.1 ± 2.4 µg g −1 in group 4. In addition, after oral zinc administration with tumor induction, the zinc concentration of group 3 was significantly increased (P = 0.001, Figure 2B ), compared with that of control group 4 (P = 0.07). The intraprostatic zinc concentration was highest in group 2, but the difference compared with group 4 was not found to be significant (P = 0.89).
Development of PIN in each group
On histological examination, prostate adenocarcinoma was not found in any group. The prevalence of PIN in group 1, in which tumors were induced, was 33.3% in both dorsolateral and ventral lobes. However, after oral zinc administration with tumor induction in npg group 3, the incidence of PIN was increased to 53.5% and 46.7% for each prostate lobe, respectively (Table 1) . Although PIN did not develop in any of the group 4 rats, zinc administration did induce PIN in both prostate lobes in group 2 (46.7% and 40%, respectively). This difference in PIN prevalence was found to be statistically significant for both lobes (P = 0.01 and 0.03, respectively, by the χ 2 -test).
Discussion
Zinc is an essential trace element and a structural component of many proteins, including intracellular signaling enzymes and transcription factors [19] . Zinc has an important role in nucleic acid metabolism, cell replication and tissue growth [20] , and zinc deficiency is associated with a wide range of pathological conditions, including impaired immunity, retarded growth, brain development disorders and delayed wound healing [19, 21] . Although zinc has been shown to be required for normal growth, many reports have suggested that zinc is also involved in cancer development. It may directly affect tumor cells by regulating gene expression profiles and/or cell viability, both of which are mediated in part by tumor-induced changes in zinc transporter expression. The expression level of zinc transporters in human tumors correlates with their malignancy, suggesting that alteration of intracellular zinc homeostasis can contribute to the severity of cancer [22] [23] [24] . Conversely, zinc may indirectly influence tumor cells by affecting processes within the cancer microenvironment; the functions and/ or activity levels of immune cells that attack tumor cells have been shown to be influenced by intracellular zinc concentrations within those cells [25, 26] . However, the relationship between tumor development and zinc levels seems to be complicated. Indeed, npg zinc concentrations are reduced in patients having carcinomas of the liver, gallbladder and digestive tract [27] [28] [29] , whereas zinc concentrations are shown to be elevated in malignant tissues of the breast [30] . In prostate malignancy, a decrease in zinc accumulation is one of the most consistent and persistent characteristics. Zinc concentrations diminish early in the course of prostate cancer, preceding the initial histological changes, and continue to decline during the ultimate progression toward hormone-independent growth [31, 32] . These findings were matched with the results of our study, which also show the lowest intraprostatic zinc concentrations in the tumor induction group (group 1).
Although the association of zinc homeostasis with prostate malignancy has been defined, it is still unclear whether prostate malignancy causes the disruption of zinc homeostasis or vice versa [33] . Although intraprostatic zinc concentration decreases in the early phases of prostate cancer tumorigenesis, this finding alone does not fulfill a causal relationship between chemoprevention and zinc iron supplement. It is well established that zinc is essential for cell survival, but it is also increasingly clear that zinc is toxic to cells when it accumulates to a certain level. As shown in our study, high dietary zinc, in addition to normal zinc uptake, promoted premalignant changes in the tumor induction model. Though the mechanism of zinc toxicity in not clearly defined, several studies have proposed possible solutions. Dubi et al. [34] observed that extracellular zinc ion triggers a metabotropic calcium ion rise that was apparent in the presence of citrate through a zincsensing receptor pathway. In the presence of this calcium response, extracellular zinc ion enhanced the growth and survival of the hormone-resistant prostate cancer cell line PC-3 significantly, as zinc enhances the activity of telomerase, an enzyme thought to be responsible for unlimited proliferation of tumor cells and the activity of which is increased in prostate cancer [35] . In addition, zinc intake is directly associated with circulating levels of insulin-like growth factor-I, which are related to prostate carcinogenesis [36] . Furthermore, it has been suggested that a loss of senescence potential in prostate cells, which was correlated with zinc concentration, may have a role in tumorigenesis. Supporting this point, Wong et al. [37] demonstrated an increasing percentage of senescent cells when treated with a high zinc concentration in the normal prostate cell line PNT2, a phenomenon that was not observed in the prostate cancer cell line LNCaP. This may explain the function of high zinc concentrations in the normal prostate in performing a regulatory role in maintaining senescence in healthy prostate tissue.
These results, in addition to our own findings, imply the ineffectiveness of dietary zinc supplement or zinc-based therapy. Furthermore, our findings show a potential harm in high-dose dietary zinc early in prostate malignant change. These findings may also suggest that a decrease in zinc concentration is a result of the tumorigenic process of prostate cancer rather than an inciting factor. Recent clinical trials also concur with this view, demonstrating a high-dose zinc intake of over 100 mg per day to be detrimental to the prevention of prostate cancer [12] . Similarly, Gallus et al. [38] presented a multicenter study comparing 1 294 prostate cancer patients against a control group of 1 451, in which the relative risk of prostate cancer increased in accordance with increased zinc intake. In their study, the relative risk ratio of the high-dose zinc group was 1.56.
We also recognize the fact that there are some methodological weaknesses in this study. With the animal model induced by MNU, cyproterone acetate and testosterone, the incidence of prostate carcinomas was previously reported to approach 75% by approximately 52 weeks [39] , and the incidence of PIN approached 40% by 20 weeks [18] . We focused on the development of PIN, as it was possible to identify the chemopreventive effects or carcinogenic effects of zinc administration in an early period of malignant change, considering the multistep process and longer duration of tumorigenesis in prostate malignancy. In addition, this focus enabled us to avoid the difficulties induced by prolonged animal experimentation, mainly in the maintenance of animal survival and quality control. The limitation is that not all PIN lesions progress to prostate cancer, and PIN is not always a precursory lesion in prostate cancer. As such, it is possible that, with longer monitoring, the actual occurrence of prostate cancer may disagree with our results, which is why a longer experimental design is still needed in this field.
Another possible point of contention is zinc dosage. In this study, zinc was supplied as 227 mg L −1 through drinking water, as described by other researchers, mainly because of the simplicity in administration and calculation. To compensate for water consumption and body weight change for groups exposed to zinc during the course of the experiment, we supplied an average of 26.48 mg kg −1 additional zinc in the ordinary meal.
npg
This concentration is higher than that administered in other in vivo experiments, in which zinc was supplied at about 2.25-1.5 mg kg −1 [40] . Thus, further study with varying zinc concentrations and administration routes is necessary to clarify this variable.
In summary, intraprostatic zinc levels decreased after tumor induction in this in vivo study. After the administration of high doses of dietary zinc with tumor induction, the intraprostatic zinc concentration increased significantly compared with levels of the control group, and the prevalence of PIN was rather increased. These results suggest potential harm in highdose dietary zinc early in prostate malignant change. However, to adequately understand the role of dietary zinc in the development of prostate cancer, longer studies to induce adenocarcinoma with various doses of dietary zinc should be conducted.
